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SUMMARY
The tsO45 (V) mutant of vesicular stomatitis virus (VSV) has been used to demonstrate that discrimination between positive (+) and negative (-) strand nucleocapsids in the process of budding mature virions is maintained despite the lack of detectable G protein in either the plasma membrane or the virus membrane. These data indicate that the VSV G protein plays no active role in the discrimination between negative-and positive-strand nucleocapsids which will mature to virions. The synthesis of intracellular nucleocapsids in tsO45 (V)-infected cells at permissive and non-permissive conditions was also examined in comparison with that of the wild-type virus. No differences were observed in intracellular nucleocapsid quantity or polarity in any of these cases despite a 97 % inhibition of virus yield in the case of tsO45 (V) at non-permissive temperature.
The enveloped virus, vesicular stomatitis virus (VSV), acquires its membrane by budding through areas of the host plasma membrane which have been modified by the insertion of the virus glycoprotein, G. The G protein is made on membrane-bound polyribosomes and inserted directly into the membranes of the rough endoplasmic reticulum (ER) (Rothman et aL, 1978; Toneguzzo & Ghosh, 1978) . From the rough ER it matures through the smooth membranes of the cell into the plasma membrane (Hunt & Summers, 1976; Knipe et al., 1977c) where it exists as a transmembrane protein, with the carboxy-terminal end on the inside of the cell membrane, and the amino-terminus containing the oligosaccharide side-chains, extending outside the cell (Morrison & McQuain, 1978) . The internal structure of VSV consists of a nucleocapsid containing the virion RNA coated with the N, NS and L proteins. The nucleocapsid associates with areas of the host cell plasma membrane which have been altered by the insertion of the VSV G protein in order to begin the process of budding and the formation of mature virions. There is at present little information available concerning this process. Pulse-chase studies have shown that virions bud very soon after another virus-specified protein, M protein, associates with the plasma membrane areas containing the virus G protein (Knipe et al., 1977a) . It has been suggested that M protein mediates the association between nucleocapsids and G protein (Cartwright, 1977; Schnitzer & Lodish, 1979) . Although VSV intracellular nucleocapsids contain 40S genome-size RNA of both positive (+) and negative (-) strand polarity in a ratio of approx. 30% (+) to 70% (--), only the negative-strand nucleocapsids appear as mature virions. The mechanism which controls the discrimination against positive-strand nucleocapsids in the process of maturation through the host plasma membrane (which has been altered by the insertion of the VSV G protein) is unknown.
A temperature-sensitive mutant of VSV complementation group V, tsO45 (V), has been reported which, at non-permissive temperature, synthesizes G protein and inserts it into the rough endoplasmic reticulum where it is glycosylated. The G protein of tsO45 fails, however, to mature to the plasma membrane (Lafay, 1974; Schmidt & Schlesinger, I979; Knipe et aL, 1977b) . There is approx, a 95 96 reduction in the production of progeny virus particles; the production of infectious virus, however, is reported to be 100000-fold lower than that at Short communications permissive temperature . Thus, a small amount of virus is made (about 5% of the normal yield); it is of low infectivity, and it has been shown to contain no detectable G protein but normal amounts of the other proteins and RNA Little & Huang, 1977) . It has been reported also that mutant-infected cells exhibit a reduced synthesis of the 40S genome-size RNA and an increased synthesis of messenger RNA at non-permissive temperature (Martinet et al., 1979) . We have confirmed these phenotypic characteristics of the tsO45 (V) mutant in BHK cells at non-permissive temperature.
In this report we have used the tsO45 (V) mutant to probe the possible role of G protein in the discrimination between positive-and negative-strand nucleocapsids in the maturation process. As a part of this study we have also analysed the synthesis of intracellular nucleocapsids in tsO45 (V)-infected cells at permissive and non-permissive conditions as compared with the wild-type virus. This was done to investigate whether or not the reduced synthesis of 40S RNA, and hence a possible reduced production of intracellular nucleocapsids, might also be a factor in reduced virus yields.
BHK cells were infected with tsO45 (V) and the synthesis of 40S RNA was measured by comparing the rate of PH]uridine incorporation into nucleocapsids at permissive and non-permissive temperature. Nucleocapsid synthesis was analysed by isolation of nucleocapsids on CsCI density gradients. This technique allows a clear separation of nucleocapsids containing 40S RNA from messenger RNAs since the 40S RNA bands in CsC1 because of the associated nucleocapsid proteins whereas the non-protein-coated mRNAs pellet (Simonsen et aL, 1979) . All 40S RNA in tsO45 (V)-infected cells is found in nucleocapsids. Following a 15 min shift up to non-permissive temperature at 4.75 h post-infection, no decrease in the amount of labelled 40S RNA in nucleocapsids was observed as compared to permissive conditions. However, after the cells had been shifted to non-permissive temperature for 60 min there was a 50% inhibition in the rate of synthesis of 40S RNA in nucleocapsids. The polarity of the genome-size RNA in nucleocapsids was analysed by RNA-RNA hybridization. There was no significant difference in the percentage of positiveand negative-strand 40S RNA synthesized at permissive and non-permissive temperature. These results showed that the rate of replication of 40S RNA in tsO45 (V)-infected cells is depressed at non-permissive temperature, but that neither positive-nor negative-strand RNA synthesis is preferentially inhibited. Having observed that the rate of synthesis of 40S RNA is decreased in tsO45 (V)-infected cells at non-permissive temperature, we next quantified the number of the nucleocapsids within the cell late in infection in order to determine whether or not the reduced yield of tsO45 (V) was due to decreased levels of nucleocapsids in the cell. In these experiments BHK cells were infected with either wild-type VSV or with tsO45 (V). Cultures were maintained at 31 °C or 39 °C and RNA was labelled with [3H]uridine in the presence of 4/~g/ml actinomycin D. At 8 h post-infection the cultures were assayed both for release of mature virions to the culture medium and for the presence of intracellular nucleocapsids by CsCl density equilibrium centrifugation. The data presented in Table 1 (a) show that the production of virus particles in cells infected with tsO45 (V) at non-permissive temperature was inhibited by 97-5% as compared to the yield at permissive temperature. However, the quantity of intraceUular nucleocapsids was the same at both permissive and non-permissive temperature for both tsO45 (V) and for the parent Orsay wild-type virus. Analysis of the polarity of the RNA in nucleocapsids showed approx. 70% negative-strand RNA and 30% positive-strand RNA at both permissive and non-permissive conditions for both wild-type VSV and tsO45 (V). These data indicate that the inhibition of budding of tsO45 (V) nucleocapsids from cells at non-permissive temperature to 2 to 3 % of the yield at permissive temperature is not due to a lack of nucleocapsids in the cell. At 8 h post-infection there were as many intracellular nucleocapsids present at permissive temperature as at Cytoplasmic extracts from infected cells were made 50% with sucrose and were overlaid with lighter-density sucrose solutions and the membranes were floated up (24 000 rev/min, 18 h, 4 o C, SW27 rotor). The proteins at the interfaces were pooled, EtOH-precipitated and separated on a 7.7% SDS-polyacrylamide slab gel. The radioactivity was visualized by fluorography. All the lanes were loaded with cell equivalent samples except for lanes 9 and 10 which were 0.1 of the others. Lane M, cytoplasmic marker; lanes 1 and 2, 25 to 30%; lanes 3 and 4, 30 to 39%; lanes 5 and 6, 39 to 44%; lanes 7 and 8, 44 to 49% sucrose at the interface; lanes 9 and 10, non-floating. Lanes 1 and 2 represent the plasma membranes; no G protein was detected in this layer at 39 °C (lane 2). 
* VSV-infected cells, maintained at 31 °C or 39 °C, were labelled with [3H]uridine. At 8 h post-infection the supernatant fluids were removed from the cells and the virions were purified by sucrose velocity sedimentation [15 to 45 % (w/w) sucrose in NTE, 105 min, 20000 rev/min in SW27 rotor). Cytoplasmic extracts were obtained from the cells and the intracellular nucleocapsids were isolated by CsCI density equlibrium centrifugation.
~" Virions were isolated by sucrose velocity sedimentation; the RNAs were phenol-extracted and their polarity determined by RNA-RNA hybridization as described previously (Wertz, 1978) .
:[: TCA-precipitable ct/min in ribonuclease-resistant material.
non-permissive temperature with the tsO45 (V) mutant. The quantity of intracellular nucleocapsids present in the tsO45 (V)-infected cells was comparable to the quantity present in cells infected by the Orsay wild-type parent at both permissive and non-permissive temperature. Furthermore, these data show that the overall synthesis of virus in BHK cells at 39 °C is not impaired due to an effect of high temperature on the cells since the Orsay wild-type virus grows as well at 39 °C as at 31 °C. Although VSV synthesizes both negative-and positive-strand-containing nucleocapsids, only those nucleocapsids containing negative strands mature by budding to become virions. The mechanism for the discrimination between the two types of nucleocapsids is unknown. At non-permissive temperature G protein is detectable in the inner membrane of tsO45 (V)-infected BHK cells but not in the plasma membrane ( Fig. 1 ; Lafay, 1974; Knipe et al., 1977b) and, as shown by the data in Table 1 , tsO45 (V)-infected cells produce only 2.5 % of the normal yield of virions. These virions do not contain detectable G protein and they have a low specific infectivity (Little & Huang, 1977; . The polarity of the RNA in the virions released from cells infected with tsO45 (V) and the Orsay wild-type virus at permissive and non-permissive temperatures was compared by RNA-RNA hybridization. The data in Table 1 (b) show that the RNA of the virions synthesized and released at non-permissive temperature had the same percentage of negative-strand RNA as did virions synthesized by tsO45 (V) virus at permissive temperature or by wild-type virus at permissive or non-permissive temperature. Therefore, despite the lack of detectable G protein in the plasma membrane or in the virus membrane, the discrimination between positive-and negative strand nucleocapsids was still made at budding. have presented data which suggest that the virus glycoprotein may not be necessary for the successful budding of VSV. The data presented here indicate that G protein plays no active role in the discrimination of positive-and negative-strand nucleocapsids to be budded to mature virions.
These data also show that, although a significant decrease in the rate of synthesis of 40S RNA occurs at non-permissive temperature, just as many nucleocapsids are present within VSV wild-type-or tsO45 (V)-infected cells at permissive or non-permissive temperature late in infection. This finding indicates that the inhibition of 40S RNA synthesis and nucleocapsid synthesis is not a major cause of the reduced yield of progeny virus.
